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tboAo  on  oocllSiSnby  wliiek  oorf oco-owhon cod  ioaon  opootrooeepy  (SEXS)  and  infruc 
rafloetlawadaorytioa  apoctroocoyy  (ZllAt)  eaa  ho  aypliod  to  gala  aoehoalatle  lafozaation  for 
aolclatap  oloctndo  yxocooaoa  iavolriag  odaorhad  ayoeioa.  li^ioala  la  plaeod  on  approaehoa  Is 
idlich  clao*roaolvod  apoecn  eaa  ha  ohtalaod  la  eaajaaeeloo  with  ceovantlonal  alaetreehaalcal 
tuchaitwaa,  aaahZlag  alaulcaaaaua  vlhracloaal  aad  oloetroebaaleal  kiaaele  (eurraac-potantial- 
ti»a)  lafotaaclaa  to  ho  ohtalaad  darlag  eha  onlacloa  of  Irronralhlo  oloetroda  proeaaaaa. 
iffclflc  appZleacloaa  to  Irrawaralhla  alaeeroorgaalc  roaetloaa  art  outliaad,  aa^loylng  optical 
foiltiehaoaal  aaalyaar  aad  Paarlar  eraaafafa  laatrwaaatatloa  for  SZXS  aad  ZltlUS,  raapaetlnly, 
la  eoajoaetlaa  with  llaaar  owoap  nltaaaatry.  jt  '  . 
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Som  Mthoda  are  outlined  by  uhleh  surface  •enhanced  Renan  spectroscopy 
(SERS)  and  Infrared  reflection*  absorption  spectroscopy  (IRRAS)  can  be  applied 
to  gain  nechanlscle  Infomatlon  for  aultlstep  electrode  processes  Involving 
adsorbed  species.  Enphasls  Is  placed  on  approaches  In  Which  tlne*resolved 
spectra  can  be  obtained  In  conjunction  with  conventional  electrochealcal 
techniques,  enabling  slnultanoous  vibrational  and  electrochenlcal  kinetic 
(current>potentlal«tlne)  Infomatlon  to  be  obtained  during  the  evolution  of 
Irreversible  electrode  processes.  Specific  applications  to  Irreversible 
electroorganlc  reactions  are  outlined,  ea^loylng  optical  nultlchannel  analyzer 
and  Fourier  transfom  Instrunentatlon  for  SERS  and  IRRAS,  respectively.  In 
conjunction  with  linear  sweep  voltaanetry. 


INTRODUCTIOW 


Despite  the  close  fundenental  connections  between  chesdcal  phenoaena  at 
■etal'gas  and  aetal'Cleetrolyta  (l.e.  eleetreehenlcal)  surfaces,  decldely 
different  nethods  have  historically  boon  enployed  for  exaalnlng  these  two 
Important  types  of  Interfaelal  systens.  Uhlle  an  Increasing  variety  of 
■oleculo' sensitive  spectreseople  approaches  have  been  developed  with  which  to 
exaelne  the  fomer,  the  attelment  of  both  structural  and  nechanlstlc  chenlcal 
Infomatlon  for  the  latter  has  continued  to  rely  chiefly  on  "conventional 
electrochenleal*  (l.e.  current •potential* tine)  approaches.  Although  a 
reaarkably  detailed  picture  of  eleetreehenleal  systens  can  be  obtained  In  this 
■aimer,,  the  acquisition  of  "neleeular* level"  Infomatlon  as  furnished  by 
optical  speetroseoplos  Is  net  only  desirable  In  Its  own  rl^t,  but  would  enable 
■ere  direct  Intoreoaperlsen  with  the  properties  of  related  aetal^gas  system 
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The  devolepmnt  of  such  techniques  for  la*sleu  aleetroehealcal  purposes  I 
has  been  haapered  by  the  Inovlteble  Interferences  arising  fron  the  necessary^ 
presence  of  bulk*^hase  solvent  end  electrolyte,  nevertheless,  the  devolepmnt 
of  a  number  of  such  techniques  Is  new  proceeding  apace.  Frenlnent  anengst 
these  are  surface •enhanced  lamn  scattering  (SERS)^  and  Infrared  refleetlon*sn/ 


absorption  spectroscopy  ( IRRAS ).^  While  the  latter  technique  has  already  feund^^J^ 
wide  application  to  the  charscterisatien  of  adsorbs tes  at  mtal*gas  interfaces . 
the  formr  has  had  relatively  little  inpact  in  this  regard.  •  i  i 
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How«v«r.  both  SERS  and  ZIIAf  ar«  wall  sultad  for  alaeCroeliMleal 
applieatieiuit  i^id  indaad  can  ba  ragardad  aa  pravidlog  eanvanlaatly 
eoBplaaantaiy  taehnlquat  for  cha  vibrational  eharaetarlsatlon  of 
alaetrochanleal  adsorbatas.  k  aajor  vlrtua  of  tha  foraor  approach  la  that  tha 
high  dagraa  of  surfaea  anhaneanant  Obaarvad,  at  laaat  for  allvor.  gold,  and 
eoppar  aubatrataa  largaly  alialnataa  tha  aolutlon«phaaa  Intarfaraneaa  that 
plagua  othar  aurfaea  apaetral  taehnlquaa,  anabllng  tha  nadiod  to  ba  aaployad  In 
conventional  alaetroehanleal  ealla.  Tha  wlda  apaetral  ranga  mod  axeallant 
fraquaney  raaolutlon  Inharant  to  Kanan  apaetroaeopy  alao  provlda  najor 
advantagaa.  On  tha  othar  hand,  dtia  to  tha  aurfaea  roufhonlng  naeaaaary  for 
SERS  togathar  with  tha  vary  natura  of  tha  anhaneanant  affaet.  It  la  poaalbla 
that  tha  obaarvad  apaetra  nay  not  raflaet  tha  propartlaa  of  tha  prapondaraat 
adaorbata.  Indaad.  thla  parealvad  difficulty  haa  hlndarad  tha  aeeaptanea  of 
cha  caehnlqua  by  alaetroehanlata  aa  wall  aa  by  othar  aurfaea  celantlata. 

Although  alaeCroehCdleal  IRRAS  raqulraa  a  thln>layar  arranganant  ao  to 
nlnlalza  bulk  alaetrolyta  Intarfaraneaa  and  la  uaabla  for  a  aora  llnltad  ranga 
of  adaorbataa  (and  fraquanclaa) ,  alallar  to  gaa*phaaa  IRRAS  It  la  applleabla 
to  a  nueh  wldar  varlaty  of  alaetroda  aurfaeaa.  An  advancaga  paeullar  to  dia 
alaetroehanleal  variant  of  IRRAS  la  that,  aa  an  altamatlva  to  polarization 
nodulatlon  (PM- IRRAS),  ranoval  of  bulk-^iaaa  Intarfaraneaa  ean  ba  aehlavad 
raadlly  by  raclolng  apaetra  obtalnad  at  appropriate  palra  of  alaetroda 
potantlala.^  Such  potantlal-dlffaranee  Infrarad  (PDZR)  nathoda  have  tha  virtue 
of  providing  Infomaclon  aalaetlvaly  on  potential -dapandont  phanoowna,  auch  aa 
adsorptlon-daaorpclon  and  redox  precaaaaa,  that  are  of  partleular 
alaetroehanleal  algnlfleanea. 

An  Inportant  conponant  of  our  own  raaaareh  aetlvlclaa  In  alaetroehanleal 
applleatlen  of  SIRS  and  IRRAS  la  to  anploy  Chaaa  taehnlquaa  to  obtain  noloeular 
atruetural  Infomaclon  far  raoetiva  adaorbataa;  l.a.  chaaa  apaelaa  acting  aa 
raaecanta,  Incamadlacaa  or  pradueta  In  alaetroda  proeaaaaa.  Our  applleaclona 
of  SIRS  for  thla  purpaaa  have  boon  aided  aubatantlally  by  two  faecara. 
Flracly,  an  alaetrachanlcal  pratraatnant  praeadura  la  avallabla  that  ylalda 
geld  aurfaeaa  dlaplqrlng  atabla  aa  wall  aa  Intanaa  SIRS.^  Tha  nobility  and 
alaecreeatalytla  propartlaa  of  geld  noka  dila  natal  a  aultabla  aubatraca  for  a 
vide  ranga  af  anldatian  aa  wall  aa  raddetlen  proeaaaaa;  aovoral  aueh 
applleaclona  af  SBtt  hava  raanlcod.^’^  Saaondly,  by  depaaltlng  thin  (g  fow 
nonelayor)  ovarlayor  fllna  on  the  gold  aurfaaa.  SERS  ean  ba  Inpartad  bath  ta 
adaorbataa  bound  to  dia  ovarlayor^  and  (In  cha  aaao  af  natal  oxide  layara)  ta 
cha  flla  Itaalf.^***  Thla  approach  charaforo  provldaa  a  noana  of  axtandlng 
SIRS  CO  a  ran^  of  aloetrodo  aurfaeaa  beyond  cha  ealnaga  notala  thanaalvaa. 

Tha  ala  af  thla  aanfaronca  paper  la  ta  aucllna  aano  nathoda  by  which  SBS 
and  IRRAS  can  yield  vibrational  atruatural  infomaclon  of  noohaniatla 


•laetroehMlMl  •ignlflMme*.  tto  eottfla*  dlsenssloa  Iter*  to  proMasM 
InveWiag  a4a«fba4  apaelaa;  applleatian  af  ZUAf  to  raaetlona  InvolTlsi 
seltttloR'^iMa  alaatroganaratad  apaalaa  ia  a  dtaeinee  taple  ahleh  haa  baaa 
daalt  with  ^rani^ly  alaavhara  (a.g.  raf.  2b).  Eaphaala  la  plaead  an 
axpariMnta  la  idileh  apaetra  ara  abtalaad  la  eanjuaetlaa  with  eaawaatlaaal 
alaeeraehaaleal  taehalguaa.  Tha  appllaaelaa  af  thaaa  appraaehaa  ta  tha 
alueldatlaa  af  aultlatap  latarfaelal  raaatlaa  aaehaalaaa  la  llluacratad  wlA 
aaaa  raeant  raavdea  abtalaad  la  aur  labarataxy,  utlllslag  pataatlal-awaap 
valtaaBatzy  with  alaultaaaaua  tlaa>raaalwad  fits  aad  IIIAS  apaetral 
aequlaltlon.  Tha  praaaatatlaa  hara  la  llaltad  ta  a  brlaf  avarwlaw  of 
rapraaantatlva  fladlaga;  axparlaaatal  aad  a^r  datalla  ara  glwaa  la  tiia 
rafaraneaa  eltad. 


Aa  alxaady  aatad.  a  eoaaiaaly  paraalwad  difficulty  la  aaplaylag  SDtS  far 

aolaeular  aurfaea  eharactarlaatlaa  la  that  tha  taehalqua  aay  aaapla  ehaaleally 

atypical  adaaxbata  aalaculaa  aa  a  raault  af  aalactlwa  aahaacaaaat  at  tha 

antlelpatad  alaarlty  af  "SItS«aatlwa"  aurfaea  altaa.  Oaa  aaaaa  af  ei>ac»ting 

thla  paaalblllty  la  ta  caapara  patantlal'dapandant  SOtS  apaetral  faaturaa  far 

radex'actlTc  adaarbataa  with  earraapaadlag  aurfaea  caaeaatraclan>patantlal  data 

abtainad  fraa  elaetrachaaleal  partuacbatlaa  aathada.  Althau^  tha  awallabla 

data  ara  aearea,  gaad  agraaaant  batwaan  tha  apaetral  and  alaetraehaaleal  data 

la  aaan  far  aawaral  rawaralbla  radaa  eauplaa  Invalwlag  adaarbad  tranaltlan* 
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aatal  ecaplaxaa  '  ladleatlng  caapatlblllty  af  tha  radax  rhanaiiljriiMti  ■ 
Caapariaana  aay  alaa  ba  aada  bataaan  tha  radax  raaetlwlty  af  tha  tltS>aetlwa 
and  prapandaraat  adaarbataa  that  uadarga  Irrawaralbla  alactraraduetlan  ar 
axldatlan  by  axaalalng  pataat lal - dapaadawt  SOtS  Intanaltlaa  la  ralatlaa  ta 
corraapandlag  ataady  atata  ar  llaaar>awaap  waltaaaatrle  currant* pataat lal  data. 
Seae  davlatlaaa  batwaan  tha  SIM  and  alaetraehaaleal  reactivity  data  have 
Indeed  bean  abaarvad.  Thua  tha  8taady«atata  alactraraduetlan  af  SIM*aetlva 
adaarbad  Cr(IM3)3llCt^'^  aad  Cr(ni5)5Br^^  at  a  ratatlng  silver  alaetrada  aeeurs 
at  lawar  avexpataatlala  (l.a.  Is  aera  faell^)  than  Inferred  froa 

alaetraehaaleal  data,*  whereas  tiia  appaslta  Is  abaarvad  far  tha 

alaetrcMldatlan  af  adaarbad  eaxban  aanaxlda'at  platlnua  aad  palladlua*eaatad 
gald.*^  Ravarthalaas,  cauntar* sxsaplas  ara  known  (vide  Infra) aad  such 
davlatlans  ara  unsurprising  given  tha  palyerys  tall  Ins  nature  af  die  SIM*aetlve 
surfaces . 


Hare  datallad  Insist  Inta  this  natter  can  ba  abtalaad  by  eanparlaana 
batwaan  earraspandlng  SMS  aad  XMAS  spectra  abtalaad  under  Identical 
eandltlens.  Vs  have  raeantly  obtained  such  data  far  several  aalsno  and 
aalaeulss  adsarbsd  on  geld  aad/ar  silver  alactradss,*  as  well  as  far  00  an  gold 


For  Booe  of  tboso 


eootod  with  oloetrodopesitod  Ft  «nd  Fd  ovorloyors . 

•yotou,  choro  !•  good  ogrooMat  botwooa  tho  potontial«dop«ndont  froquonelos, 
if,  MMurod  by  StKS  and  lUAS.  An  Intorosting  axeapclon,  hewovor,  la  CO  on 
unnedlflad  gold,  for  which  the  froquaneiaa  differ  by  as  nueh  as  100  en*^, 
indleating  that  distinct  spaeias  ara  baing  sensed  by  thasa  two  tachniquas.^ 
Significantly,  alactroehanical  stirfaea  roughening  of  the  polycrystalllna  natal 
surfaces .  so  as  to  yield  SERS  activity,  yielded  only  ainor  increases  in  the 
infrared  intensities  with  little  change  in  the  frequencies  and  bandshapes.^ 

Streteales  for  Cotialtn«  SERS  and  IRRAS  with  Reeetive  Eleetreehemleel  Techniques 

As  noted  above,  since  absolute  SER  spectra  can  readily  be  obtained  in 

conventional  electreehenical  cells,  in  principle  this  technique  can  be  coupled 

with  any  eleetrochanical  awthod  conpatible  with  the  nutual  teaporal 

constraints.  The  siaplest  approach  involves  obtaining  potential  •dependent  SER 
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spectra  for  pseudo  steady>state  conditions  using  a  rotating-disk  electrode 
along  with  the  corresponding  current-potential  curves.  Although  such  SERS  data 
for  irreversible  redox  reactions  (i.e.  where  the  faradaie  current  is  controlled 
in  part  by  heterogeneous  kinetics)  can  shed  li|^t  on  adsorbate  reactivity,  the 
steady- state  electreehenical  data  yields  infomation  only  on  the  kinetics  of 
the  overall  forward  reaction. 

The  use  of  perturbation  techniques,  such  as  potential -step  or  sweep 
aethods,  are  preferable  since  the  eleetrochenieal  data  so  obtained  can  contain 
infomation  on  the  kinetics  of  intemediate  steps ,  especially  involving 
adsorbed  species.  Using  conventional  instrunentation,  these  nethods  usually 
span  tiaeseales  down  to  ca.  10*^  s.  Uhile  it  is  certainly  possible  to  acquire 
Raaan  spectra  within  such  tiaeseales,  at  least  for  irreversible  electrode 
processes  it  is  dasirsble  to  obtain  a  sequence  of  spectra  during  a  stagl0 
potential  scan  or  following  a  single  potential  step  since  it  is  difficult  to 
rapidly  replicate  such  transients.  When  using  conventional  OKA 
inatruaentation,  to  obtain  each  "single-shot*  spoctrua  requires  at  least  ca. 
10*^  s.  Given  signal -to-neiso  constraints  with  our  particular 

spectreaetor/dotaetor  syatea  (SFSX  1877/FAR  QKk  IX)  and  using  rod  (647  ta) 
laser  exeication  aa  is  required  for  gold  SERS,  wo  typically  require  around  1- 
3  s  to  acquire  oach  spoctrua.  Wiila  this  necessarily  restricts  the  tiaascalo 
over  which  such  coupled  SlRS-eleetreehoaieal  aaasureaents  are  aade, 
aachanistically  uoafhl  inferaatien  can  still  be  obtained.  An  exaaple  of 
coupled  SERS-cyelic  veltaaaatric  asasuroaents  is  given  below. 

In  eencrast  to  surface  Raaan  spectroscopy,  following  the  soadnal  week  of 
lowiek  and  Fens  sloceroohoaieal  XRRAS  has  alroa^  boon  utilised  by  several 
research  groups  for  sxaainlng  reastlvs  as  well  as  st^Alo  intarfaeial  spoetes.^ 
As  noted  above,  IRRAl  is  eemanly  eouplod  to  potential- step  raAct  than  eptiecl 


polarization  nodulation  to  obtain  tha  raquirad  std>traetion  of  solution*phaaa 
apaetral  intarfaraneas  using  both  diaparsiva  and  Fouriar  transfozn 
apaetromatars.^  Tha  aeroi^na  "EKIRS*  (alaetroehanieally  nodulatad  infrarad 
spaetroacopy)  and  "SNIFTIRS"  (aubtraetivaly  nomalizad  Fouriar  tranafon 
infrarad  spaetroacopy)  hava  baan  coined  to  danota  thaaa  ralatad  potantlal* 
diffaranea  approaehaa^  (rafarrad  to  hara  in  a  nora  ganaral  vain  aa  "PDIRS"). 
For  ehamieally  ravaraibla  alaetroehanieal  raaetiona  (i.a.  thoaa  for  which  tha 
direction  of  redox  proeaasas  can  rapaatadly  be  altered  fron  produeta  back  to 
raactanta  upon  appropriate  potential  ravaraal),  an  alanant  of  tiaa  resolution 
can  be  achieved  by  coupling  tha  potential  perturbation  saquanca  with  the 
spectral  acquisition.  With  Fouriar  transfom  inatrunantation,  spectra  nay  be 
obtained  for  tinesealas  below  that  for  a  single  intarfaroaatar  scan  by 
appropriately  synchronizing  tha  scans  to  tha  potential ‘Step  saquanca. 

However,  such  potential •aodulation  approaches  are  inapplicable  to  tha 

study  of  chanically  irravaralbia  proeaasas  since  tha  liaitad  quantiQr  of 

reactant  in  tha  thin* layer  reservoir  cannot  be  raganaratad  by  reversing  tha 

potential  excursion.  Potantial'diffaranea  techniques  aaploying  dispersive 

infrared  spactroaatars  are  therefore  inapplicable  to  tha  axaainatien  of  such 

irreversible  alaetroehaaieal  processes,  since  a  large  nuahar  of  potential 

modulations  are  raquirad  for  rafaraneing  purposes  during  tha  slow  wavelength 

scan.  On  tha  other  hand,  Fourier  transfom  instruMnts  can  in  principle  be 

aaployad  for '  this  purpose  since  only  a  single  pecancial*stap  or  'swaap 

parturbation  is  required;  desired  ce*addad  sets  of  intarfaroaetar  scans 

obtained  during  tha  potential  excursion  can  be  rafarancad  to  that  obtained 
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prior  to  (or  following)  tha  perturbation.  Adaittadly,  tha  tiaascale  over 

which  this  "single  petantial*altaratioa  infrared*  (SFAIR)  procedure  can  be 
applied  will  be  liaitad  by  tha  tiaa  raquirad  to  aequira  sufficiant  S/R  for  aach 
sac  of  spactral  sema;  aoraovar,  if  tha  parturbation  tiaascala  is  sufficiantly 
long  (say  2  ^  dlffieultias  can  ba  faead  in  aehiaving  spactral  subtraction 
dua  to  Instruaanc  drift.  For  this  raaaon  aultipla  potantial  aodulacions  ara 
normally  aaplayad  ovon  whan  FDIR  spacers  ara  obtainod  uaing  FTXR 
instruaantation.  Havartholoss,  in  sultabla  easaar  tha  SFAIt  procaduro  can 
anabla  infomatlan  ta  ba  obtainod  on  tha  idantiey  and  raaetivicy  of  adsorbad 
spacias  involvad  in  aultistap  alactrada  praeassas,  as  axoaplifiad  balow. 
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1.  giaetraaxldaeioii  of  aaMiaina  t|m  elucidation  of  radttCtian 

or  oxidation  pachways  of  araaacic  aalaculas  fams  an  lapartanc  saipant  of 
aachaaiseic  organic  alactrachoaisery;^^  particularly  in  aqueous  or  adiac 
praeic  aadia  caaplax  aiilciscap  pachways  ara  eftan  oncouncarad  (or  mcicipacad) 


ch^t  Involvs  adsorbed  intemedlates .  We  have  recently  been  exaaining  several 
such  processes  oii  gold  electrodes  by  using  SERS,  including  the  reduction  of 
nitrobenzene,  azobenzene  and  related  species,  and  the  oxidation  of  benzidine 
and  aniline. Several  of  these  systeas  are  amenable  to  study  using  tine- 
resolved  SERS  coupled  with  linear  sweep  voltammetry  (LSV) ,  especially  since  the 
reactants  are  typically  irreversibly  adsorbed,  enabling  the  electrochemical 
reaction  of  the  adsorbates  to  be  examined  without  interference  from  solution* 
phase  reactant. 

Typical  such  data,  for  the  electrooxidation  of  adsorbed  benzidine,  are 
shown  in  Fig.  1.  The  aqueous  electrolyte,  0.1  U  sodium  ace  tate/0.1  U  acetic 
acid,  was  chosen  since  it  provides  a  buffered  pH,  4.35,  where  the  oxidation  of 
solution-phase  benzidine  exhibits  two  reversible  one-electron  voltammetric 
waves  at  about  380  and  480  mV  vs.  the  saturated  calomel  electrode  (SCE). 


Roman  shift  (cm*') 


Fig.  1.  SER  spectra  (a-e)  acquired  (see  text)  during  linear  sweep  veltaametrie 
oxidation  of  adsorbed  benzidine,  at  potentials  indicated  (vs.  SCE).  The 
anodic -cathodic  cyclic  voltammegram,  shewn  above,  was  obtained  simultaneoualy. 


Th«  •l«etrooxid«tion  of  tho  odsorbod  bonzldln*  on  gold  also  yialds  a 
corrasponding  pair  of  voltasnsaerlc  paaks,  although  soma  alaetroehaaleal 
Irravarslbillty  Is  obsarvad  (Fig.  1).  Tha  eorraspondlng  sarlas  of  SER  spaetra 
shown  in  Fig.  1  ara  raprasantaciva  axai^las  of  thosa  obtainad  (5  s/spactra) 
during  tha  potitiva«going  voltaamatrie  scan  (10  mV  a*^).  Exparimantal  datails 
will  ba  givan  alsawhera;  tha  spaetra  vara  obtainad  timing  50  nSI  647.1  nm  Kr'*’ 
lasar  axcitation.  and  eollaetad  using  a  SFE3C  1877/PAR  OHA  II  spaetrograph* array 
dataetor  systam.  Tha  initial  surfaea  Raman  spaetrum  (a)  contains  savaral 
faaturas  that  eerraspond  closaly  to  thosa  for  bulk-phasa  banzidina;^^  tha 
"ring  stratching"  modes  at  830  and  1600  em*^  ara  significantly  (10-20  cm*^) 
downshifted  from  tha  bulk  valuas,  Indicativa  of  a  flat  molaeular  oriantation  on 
tha  surfaea. 

Marked  SER  spectral  changes  occur  sharply  at  potentials,  400  and  590  mV, 
corresponding  to  both  tha  anodic  voltaamatrie  faaturas.  In  summary,  these 
spaetra  ara  consistent  with  tha  following  two-step  mechanism: 


<3> 

Tha  radical  cation  (2)  is  shown  as  one  of  several  canonical  structures.  This 
species,  previously  eharactarlred  in  solution, is  identified  as  the 
intemadiata  formed  during  tha  first  anodic  wave.  Thus  tha  appearance  of  tha 
1350  and  1505  em*^  faaturas  at  this  point  (spectrum  (c))  is  indicative  of  die 
formation  of  a  OC  inter- ring  bond  and  a  C-4(  bond,  respectively  (species  2).^^ 

Sweeping  tha  potential  past  the  second  anodic  peak  yields  further  narked 
changes  in  the  SER  spectrum.  Four  major  bands  at  1585,  1440,  1360,  and  1200 
en*^  are  obtainad,  with  5*10  fold  greater  intensities  than  before  (spectrum 
(e).  Fig.  1>.  Tha  dieation  structure,  (3)  above,  is  consistent  both  with  the 
observed  frequency  shifts  relative  to  the  monoeation  spaetrum  (e),  and  with  the 
greater  band  intansities  given  that  additional  Raman  enhaneomant  from 
electronic  resonance  is  antieipatad  from  tha  extended  «-deloealisatien  of 
structure  3.  Comparable  potential-depandent  SER  spectra  were  also  obtained 
using  solutions  containing  benzidine;  negligible  interference  was  exparianeed 
from  tha  bulk-phase  rasonanee  Raman  scattering  from  tha  dieation,  even  thou^ 
these  spectra  arc  themselves  intsnse. 

2,  Role  of  Adsorbed  CO  In  Methanol  Elecereoxldatioii  an  Platlimm.  A  major 
applieatiea  of  slaetroehsaical  IRRAS  so  far  is  tha  dsmonstratien  that  savaral 


I 


organic  aolaeulaa.  such  as  £onle  acid,  aathanol  and  atliylana  glycol,  that 
undergo  Irravarslbls  aloctrocatalytlc  oxidation  Co  CO2  on  platlnua  and  other 
cranslclon>iMtal  surfaces,  yield  substantial  quantities  of  adsorbed  carbon 
monoxide  In  potential  regions  prior  to  where  oxidation  occurs. k 
significant  remaining  question,  however,  involves  Che  possible  rele(s)  of  the 
adsorbed  CO  in  the  electrooxidation  mechanism  as  an  intermediate  or  poison. 

Some  Information  on  this  issue  for  formic  acid  and  methanol  oxidation  at 

platinum  has  recently  been  obtained  by  examining  Che  potential 'dependent 

Intensity  of  the  C*0  stretching  mode,  i'q.q.  at  progressively  more  positive 

potentials  Into  the  electrooxidation  region  by  employing  polarization- 

modulation  IBRAS  (FM-IRRAS)  (The  virtue  of  Che  FM-IRBAS  technique  is  that 

absolute  infrared  spectra  can  be  obtained  at  a  given  potential,  enabling  the 

time  and/or  potential  evolution  of  spectra  resulting  from  irreversible 

electrode  processes  to  be  monitored.)  The  synergy  observed  between  the 

eleetrooxldative  removal  of  adsorbed  CO  and  the  onset  of  formic  acid  or 

methanol  oxidation  was  suggested  to  signal  the  role  of  the  CO  as  a  poison  for 

17b 

the  latter  processes. 

Ve  have  obtained  similar  data  for  these  systems,  but  on  a  shorter 
timescale,  by  employing  the  SFAIR  procedure  (noted  above)  in  conjunction  with 


Fix.  2.  SPAXR  spectra  obtained  during  a  positive- going  potential  sweep  at  2  mV 
s*^  from  -0.2  V  vs.  SCI  in  0.02S  ||  CHgOH  •t’  0.1  S  HCIO4,  after  adsorption  at 
-0.2  V  for  20  min.  (A)  are  relative  reflectance  spectra,  obtained  by 
acquiring  a  sequence  of  single-beam  spectra  (each  using  S  interferometer  scans) 
at  the  potentials  indicated  (liV  vs.  SCI),  and  ratieing  thesa  to  the  spectrum 
obtained  at  the  initial  potential.  (B)  are  some  corresponding  abserbanee 
spectra  in  the  vqq  region,  generated  by  subtracting  a  spectrum  obtained 
following  CO  eleetreexidatien  (see  text). 
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llTMar  sw««p  veltMMtry.^^  A  few  rapraaaneatlva  apaecra,  ebcalnad  during  tbm 
alaetreexidatlon  b£  aathanel  on  platlnun  (2S  i^l  CH3OH  0.1  B  HCIO4)  ara  ahewn 
in  Fig.  2A  and  B.  Tliaaa  vara  bbtainad  uaing  a  Brukar-IBM  IB  9t>4A  FT 
inatruaant  with  an  InSb  dataeter;  axparinancal  dataila  ara  giaan  in  raf.  12. 
Tha  potantial  waa  awapc  in  tha  poaitiva  diraetion  fren  >250  nV  aa.  SCB  at  2  nV 
a*^;  aach  apaetrua  waa  obtainad  uaing  5  intarfaroMtar  aeana  (eonauaing  about  3 
a).  Tha  apaetra  in  Fig.  2A  ara  rafaranead  to  that  obtainad  at  tha  initial 
potantial  Juat  prior  to  tha  potantial  awaap;  tha  avaraga  potantial  at  which 
aach  apaetrua  waa  aequirad  ia  notad  on  tha  figura.  Tha  two  faaturaa  aaan,  tha 
bipolar  band  around  2060*2070  ea*^  and  tha  intanaa  nagativa- going  faatura  at 
2343  ca*^  ara  dua  to  linearly  adaorbad  CO  and  bulk-phaaa  GO2.  raapaetivaly. 
Tha  intanaity  of  tha  lattar  band  prowidaa  a  quantitative  aaaaura  of  tha  axtant 
of  overall  reaction  occurring  up  to  that  point.  In  order  to  aaeartain  tha 
potential  dapendanea  of  tha  fotMt  faatura.  it  ia  praf arable  to  raferenea  tha 
SPAIR  apaetra  to  that  obtainad  at  a  auitabla  poaitiva  value  where  tha  adaorbad 
CO  ia  entirely  oxidized,  ao  to  yield  "abaoluta"  apaetra.  Such  a  apaetral 
aat,  derived  fron  thoaa  in  Fig.  2A.  ia  ahown  in  Fig.  2B.  (For  eonvanianea,  tha 
latter  ara  plotted  aa  abaorbanea  apaetra.) 

CoBpariaon  batwaan  tha  eorraapoi^ng  potantial*dapandant  CO2  and  CO  band 
intensltiea  in  Figa.  2A  and  B  ahowa  that  tha  potantial  region  where  tha 
oxidative  removal  of  adaorbad  CO  oeeura  eorraaponda  eloaaly  to  tha  onaat  of 


fig.  3.  Ralativa  intagratad  abaorbanea  of  tha  wm  (filled  ayhbola)  and  CO2 
acratehlng  banda  (epan  ayhbola)  againat  alaetroda  potantial  during  linear 
potantial  awaap  oxidation  of  nathanel  obtainad  from  SPAXR  apaetra  aa  in  Pig.  2. 
Squaraa.  tria^laa,  and  eirelaa  eorraapond  to  awaap  rataa  of  1,  2,  and 
S  aV  a*^.  falution  wm  0.025  B  CH3OH  in  0.1  B  HCIO4. 


Mthanol  oxidation.  This  synorgy  1*  shown  aors  quantitatively  In  Fig.  3  as 
plots  of  tho'  rslatlvs  absorbanea  of  tbs  band  (flllod  synbols)  and  of  ths 
CO2  band  (opon  syi^ls)  against  tbs  alaetroda  potential  during  such 
voltaMMtrle  swoops.  Tho  squaxos.  trlanglos,  and  elrelos  eorrospond  to  swoop 
ratos  of  1,  2.  and  S  nV  s'^.  rospoetlvoly.  It  Is  clear  that  a  slallar  relation 
botwoen  tho  doeroaso  In  Intensity  (and,  approxlnatoly,  thoreforo  the  CO 
eovorago^^*^^)  and  tho  overall  reaction  kinetics  Is  obtaltiod  In  each  ease, 
even  thou^  tho  potential  region  where  these  changes  occur  depends  on  Ae 
voltaaBotrle  sweep  rate. 

Although  these  data  are  not  Inconsistent  with  the  notion  that  the  adsorbed 
CO  Is  acting  as  a  "poison"  for  aathazMl  oxidation.  It  Is  also  possible  that  the 
fomer  Is  actually  an  adsorbed  incaxBsdiata  In  the  reaction  pathway.  In  order 
to  cheek  this  possibility,  the  adsorption  kinetics  e>f  adsorbed  CO  fron  ne^Mnol 
were  obtained  fron  the  tins  evolution  of  SPAIR  spectra  following  suitable 
potential  seeps  to  values  where  the  adsorbed  CO  is  relatively  stable  to 
electrooxldatlon.  The  results,  described  In  ref.  12,  Indicate  that  the  CO 
readsorption  rata  la  sufficiently  rapid  to  account  for  the  overall  rates  of 
nethanol  oxidation,  at  least  under  the  conditions  encountered  here.  A 
different  conclusion  was  reached,  however,  for  the  role  of  adsorbed  CO  in 
formic  acid  oxidation  on  platinum. 

CONCLUDING  REMARKS 

Although  applications  of  vibrational  spectroscopy  to  ^e  characterization 
of  electrochanlcal  adsorbates,  especially  reactive  systems,  are  still  in  their 
Infancy  It  seems  clear  that  there  are  considerable  opportunities  for  the 
utilization  of  both  Raman  and  Infrared  spectroscopies  In  this  regard.  The 
outlook  for  electrochemical  SERS  given  In  the  last  Conference  Summary  In  this 
series  (VAS  4)^^  appears  to  be  unduly  pessimistic,  althou^  perhaps 
understandable  In  view  of  some  published  literature  In  this  area.  Uhlle  some 
controversies  surrounding  the  physical  origins  of  the  SERS  effect  Itself  are 
yet  to  be  settled,  there  are  persuasive  reasons  to  progress  with  further 
sleetroehemlcal  applications  of  this  method.  The  sensitivity  of  SERS,  coupled 
with  relative  freedom  from  bulk  phase  Interferences,  wide  frequency  range  and 
excellent  frequency  resolution  make  this  technique  well  suited  to  the 
Identification  as  well  as  characterization  of  reactive  electrochemical 
adsorbates . 

Given  the  constraints  of  SERS  with  regard  to  stbstrate  morphology  and 
composition,  this  technique  can  be  viewed  as  being  useful  primarily  in 
"applied"  surface  science.  Especially  given  the  widespread  (and  increasing) 
use  of  IRRAS  in  surface 'gas  phase  systems,  comparisons  baewean  tdie  vibrational 
properties  of  these  and  related  alectroehamical  systems  are  likely  to  ampl^ 


primarily  Infrarad  mathods.  Tha  raeantly  daaatiaeracad  taalwiyia  at  awfaaa- 
unanhanead  Raman  apaetroaeopy^^  may  alaa  aantrlbttta  algmlflaamcly  Im  ckia 
ragard. 

Moat  importantly,  mathoda  for  tha  la-situ  vlhratiamal  eharaatarlsaciam  af 
alaetroda-aolutlon  Intarfaeaa  ara  eontrlbutli^  Imeraaslagly  ta  laamaa  af  raal 
alactrochamleal  aignlfleanea  involving  raaetiva  aa  wall  aa  aeahla  adaartataa. 
Evan  though  thair  impact  upon  alaetroehMiatry  aa  far  haa  prahahly  haam  amallar 
than  in  othar  branchaa  of  atirfaea  ehamiatry,  dkair  uaa  ia  liahla  ta  arnpand  ia 
tha  near  future.  In  particular,  tha  uaa  of  vibratiamal  tachmiguaa  im 
combination  with  conventional  alactrechaalcal  mathada  affara  praapacta  far 
obtaining  a  detailed  molecular  view  of  alaccreda>aalatian  intarfaeaa  that 
should  foster  greater  overlap  and  cmiparisen  widi  analagaus  surf aea- gas  phase 
systems . 
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structure  3.  Coaperabls  potsntlsl-dspsndsnt  SER  spectre  were  else  obtelxted 
using  solutions  containing  benzidine;  negligible  Interference  was  experienced 
from  the  buik>phase  resonance  Renan  scattering  fron  the  dlcatlon,  even  though 
these  spectra  are  thenselves  Intense. 

2.  Role  of  Ade«rh«d  CO  tn  Methanol  Electrooxldatlon  on  Plstinun.  A  najor 


application  of  electrochenlcal  IRRAS  so  far  Is  the  denonstration  that  several 


Fl£.  2.  SPAIR  ap€etr«  obtalnad  during  a  positiva-golng  potanclal  awaap  ae  2  aV 
s*^  from  >0.2  V  va.  SCE  in  0.025  CH3OM  *  0.1  U  HCIO4,  aftar  adaorptlon  at 
•  0.2  V  for  20  Bin.  (A)  ara  ralativa  raflactanea  apaetra,  obtalnad  by 
acquiring  a  aaquanca  of  ainglo'baaa  apaetra  (aaeh  uaing  5  intarfarooatar  aeana) 
at  tha  potantiala  indlcatad  (aV  va.  SCE).  and  ratlolng  thaaa  to  tha  apaetrua 
obtainad  at  tha  initial  potantlal.  (B)  ara  aoaa  corraaponding  abaorbanca 
spectra  in  tha  1/^  raglon,  ganaratad  by  aubcraeting  a  apaetrua  obtainad 
following  CO  alactrooxidation  (aaa  taxt). 
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Fig.  3.  Relaclv*  intagratad  absorbanea  of  eha  i/qq  (flllad  ayi^ols)  and  CO2 
stratchlng  bands  (opan  syiri>ols)  against  alaetroda  poeantlal  during  llnaar 
potential  sweep  oxidation  of  methanol  obtained  from  SPAIR  spectra  as  in  Fig.  2. 
Squares,  triangles,  and  elrelas  correspond  to  sweep  rates  of  1,  2,  and 
S  mV  s'^.  Solution  was  0.025  U  CH3OH  in  0.1  U  HCIO^. 


identification  as  well  as  eharaetarlzation  of  reactive  electrochemical 
adsorbates . 

Given  the  constraints  of  SERS  with  regard  to  substrate  morphology  and 
composition,  this  technique  can  be  viewed  as  being  useful  primarily  in 
"applied*  surface  science.  Especially  given  the  widespread  (and  increasing) 
use  of  IRRAS  in  surface -gas  phase  systems,  comparisons  between  the  vibrational 
properties  of  these  and  related  electrochemical  systems  are  likely  to  employ 


